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[K]) increased at higher soil acidity, while the two mobile fractions (water- and acid-soluble) of acidic
metals—potentially phytotoxic aluminium (Al), cadmium (Cd) and manganese (Mn)—were significantly
enhanced on very acid soils. The current paper presents an investigation of soil–wood chemistry relation-
ships with basal area tree growth. It was hypothesized that the growth of sugar maple would be reduced
by low base cation and high acidic metal concentrations in the xylem mobile fractions. Sugar maple trees
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doi:10.1016/j.(n = 55) from six watersheds in southern Quebec, Canada were analysed by sequential chemical extrac-
tions for the water-soluble, acid-soluble and residual fractions of base cations (Ca, K, Mg) and acidic
metals (Al, Cd, Mn) in xylem. Generally, tree growth was positively correlated to concentrations of base
cations in wood ( = 0.27–0.50) and soil ( = 0.41–0.67), and negatively correlated to concentrations of
acidic metals in wood ( = −0.33 to −0.52) and soil ( = −0.67). However, these relations differed depend-
ing on the element fraction considered. Water- and acid-soluble xylem concentrations of base cations
and Al were among the best predictors of growth trends (R2 = 0.46–0.51). The relationship between acidic
metals and tree growth is further discussed.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
ction
of sugar maple (Acer saccharum Marsh.) trees in Eastern
rica has been linked to atmospheric acidic deposition
n et al., 1992; Ryan et al., 1994; Ouimet et al., 1996;
t al., 2002; Watmough, 2002), among other factors
al., 2002). This species was also shown to be sensi-
duced Ca deficiency (Côté and Camiré, 1995; Long et
ohamed et al., 1997; McLaughlin, 1998; Watmough,
acidification is responsible for the mobilization of usu-
able soil Al (Cronan and Schofield, 1990; McLaughlin,
ilized Al can interfere with the uptake of base cations by
le and Smith, 1988; DeWalle et al., 1991; Shortle et al.,
splace base cations from soil binding sites, thus induc-
ns: BAI, basal area increment; BC, exchangeable base cations; BS,
saturation; CEC, effective cation exchange capacity; EA, exchangeable
S, inductively coupled plasma atomic emission spectroscopy.
ding author. Tel.: +1 514 987 3000x3781; fax: +1 514 987 4647.
ress: simonbgauthier@yahoo.ca (S. Bilodeau-Gauthier).
ing their leaching (Tomlinson, 1983; Johnson and Fernandez, 1992;
Lawrence et al., 1995). Additionally, several studies reported inhi-
bition of Ca uptake by mobilized soil Al (Ulrich et al., 1980; Cronan,
1991; Lawrence et al., 1995). The negative impact of Ca-deficiency
on tree growth and health is also well documented (Likens et al.,
1996; Long et al., 1997; DeHayes et al., 1999; Moore et al., 2000;
Watmough, 2002). As a result, the ratio of Ca-to-Al in soil, wood and
leaves was often used as an indicator of soil acidification (Bondietti
et al., 1989; Rustad and Cronan, 1995; Berger et al., 2004) as well
as of tree health (Matzner et al., 1986; Shortle and Smith, 1988).
More precisely, a Ca/Al molar ratio under 1.0 in soil solution has
been proposed as a sign of potential Al stress and nutrient imbal-
ance to the ecosystem (Cronan and Grigal, 1995). Momoshima and
Bondietti (1990) suggested that most of the Al could be immobi-
lized in the trunk, as they observed for Fe, and thus not reach higher
partsof the tree. Itwas later stated that rootsdiscriminateagainstAl
from soils during uptake (De Visser, 1992; Godbold, 1994; Kochian,
1995; Smith and Shortle, 1996), and that its translocation in plant
parts is limited (Godbold, 1994; Kochian, 1995).
Availability of other potentially phytotoxic metals is also
enhanced by soil acidification. Cadmium (Cd), a non-essential ele-
see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
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base cations (calcium [Ca], magnesium [Mg], and potassium
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ment, is among the most toxic heavy metals (Andersen et al., 2002;
Benavides et al., 2005; Gratão et al., 2005b). A decrease in soil pH
increases Cd concentrations in the soil solution (Bergkvist, 1987;
Tyler et al., 1987; Berggren, 1992; Römkens and Salomons, 1998).
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cterized by the dominance of sugar maple trees. Soils at
re classified as Haplorthods or Placorthods (Soil Survey
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pwood section (average number of annual rings = 45;
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Table 1
Characteristics of the upper mineral soil horizon (first 15 cm of B) for the six sites.
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e saturation (BS) and soil Ca/Al ratio, with least to most acidified site
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eatment
sapwood concentrations of Al, Ca, Cd, K, Mg, and
ndividual trees (n = 55) were related to soil chemi-
s using non-parametric correlations (Spearman’s ) –
piro–Wilk test revealed that normality of data was
ed –, with wood fractions (water-soluble, acid-soluble,
tal) treated separately. Soil variables in the mineral and
l horizons were separately related to wood elements;
nly the results with mineral soil will be presented
g sections because organic soil variables showed the
s, but weaker. Bilodeau-Gauthier et al. showed in a
udy (Bilodeau-Gauthier et al., 2008) that the total of
s of an element usually behaves similarly to its most
raction, but that focusing only on total concentrations
te the significant response of less abundant fractions.
t is suggested that sequential chemical extractions be
used when assessing changes in environmental condi-
gh dendrochemistry. Nonetheless, total concentrations
treated here, in order to allow comparisons with other
t did not analyse wood elemental fractions separately.
, element ratios (e.g., Ca/Al, Ca/Mn) are often used in
ical studies as a way to circumvent issues of varying
ing capacity of tree wood. Correlations with these ratios
pted in the course of the present analyses but will not
d here as they did not provide any additional infor-
pared to individual elements. Correlations with ratios
p being very similar to the correlation with only one
r element from the ratio, but weaker or with a reverse
wth trends (slope of the linear regression of annual
e) from the years 1960 to 2005 were similarly corre-n-parametric Spearman’s rho to mineral soil variables
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effect of soil quality on tree growth is seen as a long-
rather thanapunctual event (Phipps andWhiton, 1988).
60 is used because impacts of atmospheric pollution on
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Table 2
Spearman’s rank correlation coefficients (rho) between average element concentrations in sapwood and mineral soil chemistry, by elemental fraction.
Soil variablea Rho P-valueb Rho P-value Rho P-value Rho P-value
Ca
EA
Al
CEC
pH
BS
BC
EA
Al
CEC
pH
BS
BC
EA
Al
CEC
pH
BS
BC
EA
Al
CEC
pH
BS
BC
EA
Al
CEC
pH
BS
BC
EA
Al
CEC
pH
BS
BC
a BC, sum of
b *P < 0.05; *
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implies tha
influence g
nants of tre
tree growth
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(Stepwise F
˛ = 0.05) wa
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tree age.
3. Results
3.1. Sapwo
Significa
chemical c
age sapwoo
(Table 2). SiWater-soluble Acid-soluble
−0.5046 **
−0.499 **
0.5338 **
0.4899 **
0.3851 *
K
Water-soluble Acid-soluble
−0.4522 **
−0.4532 **
0.4434 **
Mg
Water-soluble Acid-soluble
0.4215 * 0.3121 *Al
Water-soluble Acid-soluble
0.6028 ** 0.4897 **
0.6035 ** 0.4791 **
0.3735 *
−0.3705 * −0.435 **
−0.599 ** −0.4559 **
−0.4765 ** −0.3443 *
Cd
Water-soluble Acid-soluble
0.4198 * 0.637 **
0.4293 * 0.6344 **
0.4087 *
−0.5285 **
−0.4507 ** −0.6077 **
−0.4348 ** −0.5097 **
Mn
Water-soluble Acid-soluble
0.3591 * 0.4092 *
0.3607 * 0.4 *
−0.3277 * 0.3201 *
−0.3732 *
−0.3633 * −0.3813 *
−0.3748 * −0.3327 *
base cations; BS, base saturation; CEC, cation exchange capacity; EA, exchangeable acidi
*P < 0.001; non-significant correlations are not shown.
dies (DeWalle et al., 1999; Houle et al., 2002)—, which
t concentrations in all sapwood rings could possibly
rowth. As an additional attempt to assess the determi-
e growth, non-linear regressions were constructed for
as the dependent variable, with every soil characteris-
dependent variable. Also, amultiple regressionanalysis
orward, with probability to enter the regression fixed at
s performed in order to assess if variations in BAI slopes
rther explained by a combination of soil variables and
od concentrations and soil chemistry
nt (at P < 0.05) correlations were observed between
haracteristics of the mineral soil horizon and aver-
d concentrations in the different chemical fractions
nce cation exchange capacity (CEC) is a combined vari-
able, correl
combinatio
with EA or
cantly corre
reversed an
significant.
Sapwoo
soluble frac
correlation
soil Al and
lations and
water-solub
fraction of
correlation
pH. The res
ables, but
soil acidity
variables in
fraction (TaResidual Total
−0.3873 * −0.5432 **
−0.3867 * −0.5374 **
−0.303 *
0.4738 **
0.3572 * 0.5365 **
0.4558 **
Residual Total
−0.3172 *
−0.3146 *
0.2699 *
Residual Total
−0.4843 ** −0.3012 *
−0.4856 ** −0.2952 *
0.3509 * 0.48 **
0.4777 **
0.3927 *Residual Total
−0.4558 ** −0.4509 **
−0.4613 ** −0.4567 **
0.2964 * 0.3008 *
0.484 ** 0.4815 **
0.3635 * 0.3597 *
Residual Total
0.6346 **
0.6325 **
0.391 *
−0.5219 **
−0.3854 * −0.611 **
−0.3936 * −0.5168 **
Residual Total
0.4281 *
0.4193 *
−0.3688 *
−0.399 *
0.2978 ∗ −0.351 *
ty.
ations with soil CEC generally reflect one part of the
n or the other, being either similar to the correlation
with BC (Table 2). When both EA and BC are signifi-
lated to the xylem concentration, coefficient signs are
d consequently the correlation with CEC is often not
d base cations (Ca, K, Mg) concentrations in the water-
tion generally decreased at higher soil acidity (positive
s with soil pH, BC and BS, and negative correlations with
EA; Table 2). However, the number of significant corre-
their strengths decreased in the order Ca > K > Mg, with
le Mg being only related to soil pH. The acid-soluble
base cations, on the other hand, showed no significant
s with soil acid-base conditions, except for Mg with soil
idual fraction of K was not correlated to any soil vari-
residual Ca and Mg decreased significantly at higher
. Total concentrations of base cations correlated to soil
proportions very similar to that of their water-soluble
ble 2).
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Table 3
Spearman’s rank correlation coefficients (rho) between tree growth (BAI, basal area
increment) trends from 1960 to 2005 and mineral soil chemistry.
Soil variablea Rho P-valueb
pH 0.4067 *
Al −0.6689 **
Ca 0.6017 **
Ca/Al 0.6457 **
Mn 0.567 **
EA −0.6715 **
BC 0.5672 **
CEC
BS 0.6677 **
a BC, sum of base cations; BS, base saturation; CEC, cation exchange capacity; EA,
exchangeable acidity.
b *P < 0.05; **P < 0.001; non-significant correlations are not shown.
Acidic cation (Al, Cd, Mn) concentrations in the water- and acid-
soluble fractions increased at high soil acidity (being, for instance,
negatively correlated to soil pH,BCandBS, andpositively correlated
to soil Al concentrations). The residual fraction of Cd also increased
with soil acidity, although the response was weaker since only BC
and BS were significant correlated and only moderately. In contrast
to Cd, xylem concentrations of residual Al and Mn decreased with
soil acidity (Al: positive correlations with soil pH, BC and BS, nega-
tive correlation with soil Al and EA; Mn: positive correlation with
BC and (marginally; P < 0.1) BS, and marginally negative correla-
tion with EA). For Cd and Mn, total concentrations show the same
trends as the acid-soluble fraction, while total Al behaves similarly
to residual Al.
3.2. Tree growth, soil chemistry and sapwood chemistry
Average growth trends for each site are presented in Fig. 1. BAI
trends (1960–2005) of all trees were submitted to correlation tests
Table 4
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